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Abstract.

Recent POLAR observations indicate the presence of broadband plasma waves in
the frequency range of ~ 10! Hz to about 10* Hz on magnetic field lines mapping into
the polar cap boundary layer, at altitudes of about 6 to 8 Rg (where Rg is the Earth
radius). These waves are quite similar to the broadband plasma waves observed in the
low latitude boundary layer, and they appear to be a mixture of electromagnetic and
electrostatic modes. A linear theory for the generation of these waves is developed. The
theory is fully electromagnetic and takes into account the free energy available due to
the presence of field-aligned currents, and gradients in the currents, plasma densities
and magnetic fields. A generalized dispersion relation for the coupled lower hybrid,
whistler, and current convective modes:‘is obtained. It is found that the presence of
density gradients, the current convective modes develop a finite real frequency, but
at the same time their growth rates are reduced. On the other hand, sharp density
gradients can lead to the excitation of a lower hybrid drift instability when the hot ions
are present in the boundary layer. In general the current convective and lower hybrid
drift modes are coupled, and the dispersion relation has to be solved numerically. The

inclusion of electromagnetic effects leads to the reduction of the growth rates.



1. Introduction

Recently, POLAR has detected broadband plasma waves in the frequency range
of ~ 10! Hz to about 10* Hz on similar magnetic field lines as the low latitude
boundary layer (LLBL) at altitudes of about 6 to 8 Rg (where Rg is the Earth radius)
[Tsurutani et al., 1998]). The waves appear to be a mixture of electromagnetic and
electrostatic modes. The region of wave activity bounds the dayside (05 to 18 LT)
polar cap fields, and thus these waves were called Polar Cap Boundary Layer (PCBL)
waves [Tsurutani et al., 1998]. There is a strong relationship between the presence
of ionospheric and magnetosheath ions and the intense PCBL waves near the noon
sector. These waves may, therefore, be responsible for ion heating/acceleration observed
near the cusp region. Earlier, the broadband plasma waves have been detected within
the Earth’s magnetopause low latitude boundary layer (LLBL) by several spacecraft,
like the ISEE-1 and -2, GEOS, and AMPTE [Gurnett et al., 1979; Tsurutani et al.,
1981; 1989; Anderson et al., 1982; Gendrin, 1983; Rezeau et al., 1989; Belmont et
al., 1995; LaBelle and Treumann, 1988]. Similar waves have also been detected at
the Jovian (magnetopause) low latitude boundary layer [ Tsurutani et al., 1993; 1997].
These boundary layer waves have been demonstrated to be sufficiently intense to cause
cross-field diffusion of magnetosheath plasma to form the boundary layer itself at both
Earth and Jupiter [ Tsurutani and Thorne, 1982; Tsurutani et al., 1997]. The cross-field
diffusion of particles, energy and momentum due to the broadband plasma waves would
be one form of viscous interaction between the solar wind and the magnetosphere
[Azford and Hines, 1961; Tsurutani and Gonzalez, 1995].

The generation mechanism of the PCBL as well as LLBL waves is not well
understood. The emissions are broadbanded with no obvious spectral peaks which could
be used to identify particular plasma instabilities. Some suggested mechanisms for the
LLBL waves are the electron loss cone instability driven by velocity space gradients

[Kennel and Petschek, 1966], the lower hybrid drift instability driven essentially by



the density gradients (Gary and Eastman, 1979; Huba et al., 1981], the velocity shear
and drift instabilities [Lakhina, 1987; 1993; Ganguli et al., 1994; Lakhina et al., 1995],
and a magnetic shear instability [Zhu et al., 1996]. An electrostatic current convective
instability {Drake et al., 1994a] and a whistler instability [Drake et al., 1994b; Drake ,
1995] driven unstable by the gradient of the field-aligned currents have been proposed.
However, the last two mechanisms employ cold plasma approximation, and they work
best for the thin magnetopause current layers .

In this paper we present a linear theory for the generation of broadband PCBL
plasma waves. The theory is fully electromagnetic and takes into account the free energy
available due to the presence of field-aligned currents, and gradients in the currents,
plasma densities and magnetic fields. The dispersion relation generalizes the dispersion
relations for the lower hybrid and current convective instabilities. In general the current
convective and lower hybrid drift modes are coupled, and the dispersion relation has to

be solved numerically.

2. The Model

Let us consider the PCBL wave region to be characterized by nonuniform plasma
and magnetic field. In the equilibrium state, there is a finite field-aligned current.
For simplicity, we consider the currents to be carried by electrons streaming with
a nonuniform velocity Vo(z) relative to ions. This field-aligned currents makes the
magnetic field nonuniform. The equilibrium magnetic field varies along z-direction,
the direction of inhomogeneity, and is directed along the z axis, i.e., By = Bo(z) z.
In the equilibrium state, the electron and ion densities are taken to be equal, i.e.,
noe(2) = noi(r) = no(z) to maintain the charge neutrality. We consider the waves
propagating obliquely to the ambient magnetic field in the y-z plane, i.e., the wave
vector, k, can be written as k = k,z 4+ k, y. We shall consider the frequency range

wi € w? « Wi, where wy(w.) is the ion (electron) cyclotron frequency. Under



this assumption ion response to the perturbation can be treated as unmagnetized.
Electrons are treated as magnetized and their response to perturbation is taken as fully
electromagnetic.

The dynamics of the plasma is governed by two fluid equations. For electron

dynamics is described by the continuity and parallel momentum equations,
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is the perpendicular components of the electron fluid velocity, v.. Here vg =
(1/Bo)E x 2, Vye = —(V2/wee)z X Vin ne, Vye = (1/Bowee)(OEL /0t + v, - VE.)
are, respectively, the E x B drift, the density gradient drift and the polarization drift.
Further, w.. = (e Bo/m.) is the electron cyclotron frequency, n, is the electron number
density, m. is the electron mass, T is the electron temperature, Vi, = (T./m.)!/? is the
electron thermal velocity, and E; is the perpendicular (to Byz) component of the wave
electric field vector, and B = By + B; is the total magnetic field, with B, being the

wave magnetic field. The ion dynamics is governed by
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where the 7 subscript denote the corresponding ion quantities.

Equations (1) to (5) along with the Maxwell’s equations,
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e(n; — ne)

V.-E= 1 V-B=0, (8)

€

where J is the current density, form a basic set of equations on which the linear stability
analysis would be performed. We write a quantity g = go + g1, where g(<< go) is
the perturbation, and take the perturbations in all the quantities to be of the form

g1 ~ g1 explik, z + ik, y — iwt]. The dispersion relation is obtained from the linearized
set of equations (1) to (8) under the local approximation which assumes the wave
wavelengths to be much shorter than the inhomogeneity (e.g. in denéity, magnetic field,

or velocity) scale length.

3. The Dispersion Relation

From the linearized form of (2), (4) and (5), we get,
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where f7 = [(w — k, Vao)? — K2V2].

In the abovp equations, Ny; = n;;/ne is the normalized density perturbations of the
Jth fluid, £, = dlnng/dz is the inverse of equilibrium density gradient, kg = dIn By/dz
is the inverse of the ambient magnetic field gradient. Further, we have taken into
account the cross-field ion drift relative to the electrons, Vi, which can arise due to the
density gradients, or due to some other processes. For the case of density gradients, the
relative cross-field drift velocity is simply given by Vo = [k Vi2(1 + T./T:)/wei] y. Here,
w,; represents the cyclotron frequency of the jth species ( with j = e for the electrons

and j =1 for the ions). On substituting for vy;. and vy.. from (3) and (9), respectively,
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in linearized form of (1), we get
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where f = ((w — k. Vo)? — k2V2(1 + gl dia)],

k,w“ dr

On taking the curl of (7) and then considering the z component of the resulting

equation, we get
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and wye = (noe?/egm.)'/? is the electron plasma frequency, and ¢ = (po€o)~1/2 is the
speed of light. In deriving (13), we have taken w? <« c?k?. On substituting for Ny;

from (10), Ny, from (12), By, from linearized form of (6), and B;. from (13) into the

linearized version of the Poisson’s equation (8), we get
ankE; + anky + aj3E; = 0, (15)

where
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On taking the z component of (7), and making use of (9)-(12), we can obtain an
expression for (k x B;),. Equating this with the (k x B;), obtained by taking a curl of

(6) and then considering the z component, we arrive at,
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Combining (15), (17), and (20), we get the dispersion relation,
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After a considerable algebra, and neglecting the terms ~ m./m;, (22) can be simplified

to,
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3.1. Special Case: Electrostatic Modes

Under the limit of R = w?,/ck? — 0, (23) is greatly simplified to,

- w:, :ekf kg pe(w - k:Vo)2 _ ky(kn — NB)w:e(w - k:%) k., k l dVy ‘-"pe —0
fl le"2 f22w3e k? fRwee k? ch dr f22 .



10

3.1.1. Current convective modes. For the case of cold plasma, and
w® > k2V?, (24) reduces to
kyWoe _ ky(mn —KB) Wi Wi _ kjw, (1 + kv_l_‘i‘.’e) =0

1 4+ LB - B 2P
k? w2, k? Wwee w? k% W2 k, wee dzx

which is identical to that of Ganguli et al. [1994] and Drake et al.[1994a] in the limit

(25)

of uniform plasma (i.e., K, = kg = 0) and unmagnetized ions. For the case of uniform
plasma and magnetic fields, (25) yields a solution for the current convective mode,
M Irve ol ARG &
RO =
where S = ;l:%‘—;ﬁ is the velocity shear. Clearly, there is a possibility of the unstable
modes for the case when (k,/k.)S < 0. For simplicity we shall consider the velocity
shear to be positive, i.e., S > 0. Then, for k,/k, < 0, the current convective modes

could become unstable provided the velocity shear satisfies the following inequality,

k, k?*m,

ky

From (27), it is clear that minimum velocity shear, Sni, required to excite the

S>

current convective instabflity is Smin = 2y/m./m; occurring at a certain critical wave
propagation angle of (k,/k,).r & —y/m./m;. The growth rate of the mode at the critical
angle of propagation (i.e., at (k./k,) = (k./k,).r) would be

1
m;
7= (-T;{;)‘ Win(S = Smin)?, (28)
where
win = Ty (29)
1 + “’ce)

is the lower hybrid frequency.
For the case of nonuniform plasma, (25) predict unstable roots provided the velocity

shear exceeds a threshold value,

c kz 2 e k2 n— K 2 2e
S > So=|—] 1+ %ln'—“ + y(’cz 2 ,\28) w:'z 2 . (30)
k, k2 m; 4k2k2Wl, (1 + ﬁ'f)
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The minimum value of Sy is found to be Si = 2y/m./m;\/a, and it occurs at a critical
value of wave propagation angle, (k./k,)er & —\/m./mi/a, where

. 2
(K'n _'”B)2 my w12h ('31)
4k2 m2w? '
v e %ce
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Further, at the critical angle of propagation, the real frequency, w,, and the growth rate,

v, of the mode are given by,
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Since Sy, > Spin , it is clear that the dénsity and magnetic field gradients tend to
stabilize the current convective modes. Further, in the presence of density and magnetic
field gradients, the current connective modes develop real frequencies as seen from (32).
In Figure 1 we have shown some results for the electrostatic current convective
modes in a cold plasma obtained by solving (25) numerically. For the case of uniform
plasma, the current convective instability is purely growing as expected from (26) and
(28) (cf. curves 1 and 2). The instability occurs only for negative values of (k,/k,).
The growth rate is reduced by a decrease in the value of (k,/k;). For the case of
inhomogeneous plasma, the modes develop a real frequency which increases with an
increase in (k. — kg)/k,), but the growth rates are reduced when (x, — xg)/k,)
increases (cf. curves 3,4, and 5). At the same time increasingly higher values of S are
needed to excite the instability when the parameter (x, — xkg)/k,), increases. Hence the
density and magnetic field gradients have a stabilizing effect on the current convective

instability.



3.2. Special Case: Electromagnetic Modes

Once again restricting to a cold plasma and considering system w? > k2V@, k2V2,

w? € w?,, and neglecting terms ~ m,/m; as compared to 1, (23) can be simplified to

(kn —kB) Wi, Wh kP Wl
A k, wwe w? k2w?(1+ R) k Pt (33)
where,
w2, RS k,
A=1 1 - -— 34
i (R R (34

When the velocity shear is neglected, and appropriate limits are considered, (33) reduces
to the dispersion relation obtained by Lakhina and Sen [1973] and Winske and Omidi
(1995].

3.2.1. Whistler mode instabilities. In the absence of density and magnetic

field gradients, i.e., kK, = kg = 0, (33) yields

W = :jA(;’i’R)[ "S+( :: (1+R))] (35)
which for R = 0 goes over to (26). On taking w2, /w? > 1, and R > 1 in (35), we get
c*k? k*m k, ¢
= e cos [1 + EE——R+ = s] , (36)

where cos@ = k,/k is the angle of propagation with respect to the ambient magnetic
field. On neglecting the ion dynamics (i.e., the second term inside the bracket on the
right hand side), and the velocity shear effects ( i.e., putting S = 0 ), (36) becomes
identical to the dispersion relation for the oblique whistler waves [Stiz, 1992; Drake,

1995]. Equation (36) predicts a whistler mode instability provided the velocity shear

2
(1 ¥ -’&T:R) . (37)
vy
For m.R/m; < 1, the minimum value of the whisler mode iqstability threshold is simply

Sum = 2y/m./m;V R, and it occurs at the wave propagation angle corresponding to

exceeds a certain value,
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(k:/ky)er = —\/me/miVR. The growth rate, at the critical angle of propagation is given

by
=(E§*Q:§mﬁw (38)

m, R% ce
For the case of nonuniform plasmas, i.e., k, # 0, kg # 0, (33) predicts an unstable mode

provided
S>8 = ke
Tk, k2

z

2
P+iﬂmmy (39)
m;

where .
(kn — kB)E m;
4kIR  m. (40)

For m.R/m; < 1, the minimum value of the velocity shear for exciting the whistler mode
instability is simply S* = 2y/m./m;v/Rai, and it occurs at the wave propagation angle
corresponding to (k:/ky)er = —y/m./miv/Rea,. At the critical angle of propagation the

real frequency and and the growth rate of the unstable modes are given by

oy =1+

('Cn "93)
wr ZkyR Weey
L%
mi\1 «
7 = (E:) 'RL%(S— §*)} wee. (41)

On comparing Sy, and S*, it is clear that velocity shear threshold for the excitation of
whistler instability is higher in the presence of density and magnetic field gradients.

In Figure 2.we have shown some results for the whistler mode instability in a cold
plasma obtained by solving (33). It is seen that the growth rates are increased by an
increase of velocity shear, S, but are reduced by an increase of R for both the cases of
uniform plasma (cf. curves 1-3) and nonuniform plasma ( cf. curves 4 and 5). This is
in agreement with the analytical solutions given by (38) and (41) respectively for the
uniform and nonuniform plasma case. The instability is purely growing for the uniform
plasma case, but it has a finite real frequency for the nonuniform case (cf curve 4 and 5

in the lower panel). The real frequency also decreases by an increase in R.
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3.2.2. Modified two stream instability in cold plasmas. Once again we
consider the case of a cold plasma, but retain the cross-field electron -ion drift in (23).
Assuming w? 3> k2VE, w? € w?,, and neglecting terms ~ m,/m; as compared to 1, (23)

can be reduced to

(Kn — KB) W, wi; k2wl ky o
- - _ B Se)=o, (42
A o w—kVe)e R+ B UtES (42)

which generalizes the dispersion relations for the modified two-stream instability [Arall
and Liewer, 1971; Lakhina and Sen, 1973] and current convective modes. It should,
however, be noted that here the cross-field electron-ion relative drift, Vo, does not arise
due to the density gradient as the plasma is considered to be cold, rather it is being
maintained by some other external means, e.g., electric field pulses, or monoenergetic
ion fluxes across the magnetic field.

Figure .3 shows some results for the unstable modes obtained by the numerical
solution of (42) for the situation where the current convective modes are stable. The
curves 1 -3 are for the uniform plasma with velocity shear. Both the growth rate and
the real frequency decrease by an increase of R. Comparing the curves 1,4 and 5, we
notice that the effect of the velocity shear is stabilizing for negative value of k,/k, and
destabilizing for positive values of k,/k,. An increase in (k, — £g)/k, leads to higher

growth rates as well as real frequencies of the excited modes (cf. curve 1, 6 and 7).

4. Numerical Results
4.1. Lower hybrid drift and current convective instabilities

For the case of hot plasma, one has to solve (23) numerically as it is not amenable to
any analytical solution. It is convenient to consider a = k,Vi;/w. and B = 8wnoT;/ B2,
which represent, respectively, the perpendicular wave number normailized by the ion
gyroradius p; = Vii/w,i, and the ratio of ion pressure to the magnetic field pressure.

as independent parameters. Then, one can write R = (m;/m.)(3;/2a?). Further, in



our numerical computations, we calculate the value of magnetic field gradient from the
relation kp = —Bi(1 + T./Ti)kn/2.

Figure 4 shows the numerical solution of (23) for the case of electrostatic lower
hybrid drift instability in a hot plasma (with S = 0, 3; = 0) where the cross-field
electron-ion relative drift, Vg, arises due to the density gradients. The growth rate are
peaked at a certain value of a = k,V;;/ws. The peak-growth rate decreases, the real
frequency increase, and the range of unstable wavenumbers shifts to higher value of a as
the parameter k,/k, increase (cf. curves 1, 2 and 3). However, changing the sign (i.e.,
from negative to positive value) of k,/k, has no effect on these modes (not shown). An
increase in k,/k, leads to larger values for the growth rate and the real frequencies (cf.
curves 2 and 4). Both the growth rate and the real frequency decrease by a decrease in
wpe /wee (cf curves 1 and 5). An increase in 7,/T; does not affect the peak growth rate
but shifts the unstable wavenumber region to smaller values of a. The real frequencies
of the mode become some what higher by an increase of 7. /T; (cf. curves 5 and 6).

Figure 5 shows the dispersion relation for the case of weakly coupled current
convective and lower hybrid drift instabilities obtained from the numerical solution of
(23). The coupling between the two modes is weak as we consider a small value of the
density gradient ( i.e., &,/k, = 0.01) for this case. The growth rate tend to increase
with increasing a. However, the growrh rates are reduced when either the parameter
Bi increases (cf. curves 1, 2, and 3) or the parameter T./T; decreases (cf curves 3 and
4). The real frequency of the excited modes gets decreased when the value of T,/T; is
reduced.

Figure 6 shows the dispersion relation for the coupled lower hybrid and current
convective modes in a hot plasma. For negative value of k;/k, (cf. curves 1, 2 and 3
for k./k, =-0.1), the peak of the growth rate shifts towards lower frequencies as well as
lower values of a, but becomes larger in magnitude as S increases (see the upper panel).

However, the real frequencies of the excited modes are reduced when S increases (cf.
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curves 1, 2, and 3 in the lower panel). For positive value of k,/k, (=0.1), the peak
growth rates and the real frequencies are decreased when S is increased (cf. curves 1
and 4). An increase in §; has a stabilizing effect on these modes as seen from curves 1,

5 and 6.

5. Discussion and Conclusions

When the plasma in the PCBL region can be considered as cold, our analysis
predicts that it can support current convective, whistler, and modified two-stream
instabilities. The minimum velocity shear for the excitation of current convective
instability is Sy = ZW occurring at (k;/k,)er & —y/m./m;. The modes are
purely growing, and the growth rates increase with an increase in S. On the other
hand, the threshold velocity shear for the purely growing whistler instability is simply
Swm = 2W\/1_2, and it occurs at the wave propagation angle corresponding
to (k./ky)er & —m\/ﬁ Density gradieﬁts tend to stabilize both the current
convective and the whistler instabilities, at the same time these modes develop real
frequencies. The effect of density gradients on the modified-two stream instability is
destabilizing. The effect of velocity shear on these modes depends on the angle of
propagation, i.e., it is stabilizing for k,/k, < 0 and destabilizing for k,/k, > 0.

For the case of hot plasma in the PCBL region, the lower hybrid drift and current
convective instabilities are coupled. For the electrostatic case ( 8; = 0 ) and S = 0, the
peak growth rates are reduced by an increase in k,/k, and a decrease in the value of
Wpe/wee . The coupled lower hybrid -current convective modes tend to be stabilized by
an increase in the value of 3;. The velocity shear S can have either a destabilizing or a
stabilizing effect on these modes depending on the sign of the parameter k. /k, .

It is interesting to note that the density gradients tend to reduce the growth rate of
the velocity-shear modes (i.e., current convective and whistler instabilities discussed in

sections 3.1 and 3.2). Since the density gradients provide a free energy source, normally
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one would expect the density gradients to increase the growth rate of the instabilities, for
example, modified two-stream and lower hybrid instabilities discussed above. However,
in general, the effect of the density gradients, or any other free energy source, could
be destabilizing for some modes and stabilizing for the others, depending upon the
nature of the excited modes. It has been shown that density gradients tend to stabilize
the Kelvin-Helmholtz instability which is driven by a velocity shear [D’Angelo, 1965;
Rome and Briggs, 1972; Catto et al., 1973; Huba, 1981]. Both the current convective
and whistler modes, like the Kelvin-Helmholtz modes, are driven by a parallel velocity
shear, and therefore their basic nature is expected to be similar to the latter. Physical
mechanism of the velocity shear instability can be understood as follows (see Appendix
A). In a uniform plasma, a perturbation electric field causes the electron to E x B
drift along z. In the presence of velocity gradients, the convection of the electron flow
v, brings regions of different parallel flow to the same magnetic field line [Drake et al.,
1994a). The resultant bunching of electrons along this magnetic field line produces an
electric field which reinforces the initial perturbation, thereby producing an instability .
The presence of a local density gradient would alter the nature of the bunching process.
It introduces perturbations in the electron density, which in turn produce perturbations
in the parallel electron velocity which are in the opposite direction to the perturbations
in v, produced by the velocity gradients. Thus, the presence of density gradients tend
to debunch the electrons along B and reduce growth of the velocity shear modes.

From Figures 1-6, we note that the typical real frequencies generated by the
instabilities considered here are in the range of 10 to 400 w,; with the parameter «
lying in the range of 5 < a < 50. For the PCBL region, typically w,; is ~ 4 -5 Hz
(Russell et al., 1995, Tsurutani et al., 1998], T; ~ 200 eV, and 3; < 0.05. The typical
ion gyroradius would be p; = 5.0 km. Therefore the plasma rest frame frequencies
of the excited modes would be of the order of 40 to 2000 Hz. In the satellite frame

of reference, this frequency range would be broadened due to Doppler shifts and this
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could explain the observed frequency range of the broadband waves. The typical
perpendicular wavelengths associated with the unstable modes would be A} = 2r/k, ~
(0.6 - 6.0) km. Since the general dispersion relation (23) describes coupled electrostatic
and electromagnetic modes, the waves excited by the instabilities would have a mixture
of electrostatic and electromagnetic modes, thus, naturally explaining an important
characteristic of the PCBL waves.

It is worth pointing out that our model can be applied to explain the generation of
the broadband waves observed in the Jovian boundary layer. Takeing typical parameters
for the Jovian boundary layer as By = 5 nT, no = 0.1 cm™~3, 7. = 3 x 10%° K, and
T; = 5% 10°° K (although there can be considerable variability in all of these parameters)
[Phillips et al., 1993; Tsurutani et al., 1997], we have wy = 76 mHz, p; = 133 km, 8; ~
0.06, T./T; = 0.6 and wye/wee & 20. Assuming that sufficiently strong density, magnetic
fields or current gradients exits in the Jovian boundary layer, the results of Figures
1-6 would imply excitation of modes with frequencies of about 0.5 Hz to 30 Hz in the
plasma rest frame with perpendicular wavelengths of 15 to 150 km. This agrees fairly
well with the observed frequency band ( ~ 10~3 to 10? Hz) of the Jovian boundary layer
waves. Once again the Doppler shifts could broaden the frequency range, thus further
improving the agreement betwen the prediction of the theory and the observation.

The results shown in Figures 1 -6 are valid for the situations where the gradients in
the ﬁeld—aligned currents are more important than the field-aligned current themselves.
Generally speaking, the field-aligned currents are the source of free energy and they could
lead to the excitation of several electrostatic and electromagnetic modes via streaming
instabilities provided they exceed the relevant instability threshold. The generalized
dispersion relation (23) can deal with the situations where both the field-aligned currents
and current gradient are equally important. However, the interpretation of the modes
becomes much more complicated in the presence of strong field-aligned currents as

several new modes could be excited. We are currently working on this, and the results
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for these situations would be reported elsewhere.

We would like to point out that broadband electrostatic noise (BEN), with
frequencies extending from the local lower hybrid frequency up to the local electron
plasma frequency (or even above), has been observed in many regions of the.
magnetosphere, including the Earth’s magnetotail [ Scarf et al., 1974; Gurnett et al.,
1976; Cattell et al., 1986; Gurnett and Frank, 1977; Matsumoto et al., 1994; Kojima et
al., 1997], the magnetosheath [Anderson et al., 1982], and on cusp and auroral field lines
[Gurnett and Frank, 1977; 1978; Pottelette et al., 1990; Dubouloz et al., 1991; Ergun
et al., 1998]. . The magnetotail BEN emissions are correlated with ion and electrom
beams, whereas auroral region BEN emissions are usually associated with ion conics
and field-aligned electron beams. The waveform observations by the plasma wave
instrument on board the GEOTAIL spacecraft have shown that BEN consists of a series
of bipolar solitary pulses [Matsumoto et al., 1994]. The broadness of the BEN frequency
spectra arises from the solitary waveforms. A likely generation mechanism for BEN
proposed by Matsumoto’s group is based on the nonlinear evolution of the electron
beam instabilities leading to the formation of the isolated Bernstein-Greene-Kruskal
(BGK) potential structures which reproduce well the observed electrostatic solitary
waveforms [Omura et al., 1996; Kojima et al., 1997]. Earlier, Dubouloz et al. [1991]
have proposed a generation mechanism for auroral field line BEN in terms of electron
acoustic solitons. The mechanisms discussed by Matsumoto et al. [1994] and Dubouloz
et al. [1991] predict negatively charged structures whereas the Polar [Franz et al., 1998]
as well as FAST [Ergun et al., 1998] observations indicate positively charged flowing
potential structures . It is important to note that a potential structure, whether positive
or negative, must inherently be a part of some nonlinear wave where the charges are
trapped, otherwise it would rapidly disrupt due to the repulsive forces of the charges.
Depending on the free energy available, some of the instabilities discussed in this paper

could evolve nonlinearly into solitary waves, for example , whistler-type solitons. If
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this happens it would naturally explain the recent observations on the waveform of the
coherent structures (including the associated magnetic component ,if any) as reported

by Polar[Mozer et al., 1998; Franz et al., 1998] and FAST [Ergun et al., 1998] teams.

Appendix A: Physical Mechanism of Velocity Shear Instabilities

We give a simple physical picture of the mechanism by which a velocity shear
S = (dVo/dX)wz! can excite instability and a density gradient k, = dlnno/dz can
lead to stabilization. In this simple picture the magnetic filed By is taken as constant,
the plasma is treated as cold, and only the electrostatic modes are considered. The
basic equilibrium configuration is shown in Figure 7. The magnetic field By is in the
z direction with the gradient of density, n§ and parallel electron velocity, V{ , in the
z direction. We take Vj > 0, n{, > 0, and in addition treat them as constant over z
distances of interest. An electrostatic perturbation field E = —V¢ = —i(k,z + k, y)¢ is
applied to this system as shown in Figutre 7.

The E, component of the perturbed electrostatic field would cause electrons to
E x B drift with speed v, = —i k,¢/B, along = direction. At any given 2 = 2, region,
low v, electron from z < zo region would move upwards (towards « = zo) and high
v, electrons from x > zo region move downwards provided V; > 0. The resulting
variations of v, along By would cause the electrons to bunch and enhance the original
perturbations. The change in electron velocity Jv{!) in time &t due to velocity gradient
can be written as dv{) = —v, V{6t = i(k,#V//B,)ét.

Now in response to an E, component of the perturbation electric field, the electrons
would move along Bo and try to neutralize the charge. As a result, they will undergo
a change in velocity §v{? = (eik, ¢/m.)8t, in a time 8t. Thus a change in v, arises

from the above two competing processes. Then, for local instability we must have
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(6v) + 8v¥) < 0, or
LAY

+1<0. (A1)
Kywee

Since we have taken Vj > 0, the system is unstable when k,/k, < 0, and provided

k,

2
ky wCC ) (A ~ )

Ve >

which is quite similar with the exact condition for the current convective instability
condition given by (27).

The above simple physical picture of the velocity shear instability assumes a
uniform plasma. A local density gradient would alter the nature of the bunching process.
In the presence of a density gradient in the z direction, the E x B drift of electrons
introduces perturbations in the electron density én, = —njv.6t in a time §t. Then, the
electron density perturbation would be n, = —(k,¢nh/w By). Neglecting the ion density
perturbationé in the first approximation because of the high frequencies of the waves,

the Poisson equation yields the dispersion relation

2
w = n ke (A3)

k2w,
Now the electron density perturbations would lead to perturbations in parallel electron

velocity

50l n 00 _ 1€k bk, 0 s, (A4)

k. ng m. kZk?w?,
Then for the local instability, we must satisfy (6v{!) + 6v{® + §v{¥)) < 0, which for the

case of k./k, < 0 leads to the following condition

kz 2w2
Wee [1+ B } (A3)

k2

o>l

The effect of density gradient on the velocity shear instability is always stabilizing
because §v{? is in the same direction as §v{?). For the case of hot electrons, the relevant
mode frequency is w x kyxaV;2/w.. instead of w given by (A3). In this case also the

density gradient has a stabilizing effect as seen from (A4).
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The above physical picture would get modified for the general case of electromagnetic

perturbations due to the Lorentz force effects.
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Figure 1. Variation of normalized growth rate, vy/w;, (upper panel) and normalized real
frequency, wy /wei,(lower panel) versus velocity shear S = ;i—;% for the electrostatic (R
= w2, /c*k? = 0) current convective instability for the case of cold plasma with wy, /we,
= 10, and V4 = 0. The curves 1 and 2 are for k./k, = -0.1 and -0.005, respectively, and
the instability is purely growing (i.e., w, = 0). The curves 3, 4 and 5 are for k,/k, = -0.1
and (k, — kB)/ky = 0.05, 0.11, and 0.2, respectively.

Figure 2. Variation of normalized growth rate, y/w,;, (upper panel) and normalized real

1

frequency, wr /w,i,(lower panel) versus velocity shear § = ;;—%"—;‘? for the current convective
instability for the case of cold plasma with wye/wee = 10, Vo = 0, and k,/k, = -0.1. The
curves 1, 2 and 3 are for (k, — kg)/k, =0.0, and R = w? /c*k? = 0.0, 1.0, and 5.0, |
respectively. The curves 4, and 5 are for (k, — kg)/k, = 0.1, and R = 1.0, and 5.0,
respectively.

Figure 3. Variation of normalized growth rate, «v/w, (upper panel) and normalized
real frequency, wy /wei, (lower panel) versus normalized drift velocity %‘-’.—4 for the lower
hybrid instability for the case of cold plasma with wye/wee = 10, Vo = 0, and k. /k, =
-0.1 (except for curve 5). The curve 1, 2, and 3 are for (k, —kp)/k, = 0.0, S =0, and R
= w2, /c’k? = 0.0, 1.0, and 5, respectively. For the cureves 4 and 5, R = 0, (k, — x5)/k,
= 0.0, § = 0.04 and k,/k, = -0.1 and 0.1 respectively. The curves 6, and 7 are for R =

0, S = 0 and (k, — £g)/k, = 0.1, and 0.2, respectively.
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Figure 4. Variation of normalized growth réte, v/ Wei (upper panel) and normalized
real frequency, w,/w,,(lower panel) versus normalized wavenumber a = kyViifw. for the
electrostatic lower hybrid drift instability for the case of hot plasma with S = 0.0, 1}, =
0, B; = 0.0, and kg/k, = 0.0. For the curves 1,2 and 3, wpe/wee = 10.0, T./T; = 1.0,
knfky = 0.1, and k./k, = -0.01, -0.1 and -0.2, respectively . For the curve 4, k./k, =
-0.1 and &, /k, = 0.2 (other parameters are the same as for the curves 1-3). The curves
5 and 6 are for k./k, = -0.01, kn/k, = 0.1, wpe/wee = 1.0, and T./T; = 1.0 and 3.0,
respectively. The sign of the parameter k,/k, does not affect the growth rates and the
real frequencies. |

Figure 5. Variation of normalized growth rate, 7/w., (upper panel) and normalized real
frequency, wy/w.;, (lower panel) versus normalized wave number number a = kyViifwei
for the coupled current convective and lower hybrid drift instability for the case of hot
plasma with § = 0.1, wp./wee = 3.0, V=0, k,/k, = 0.01, and k./k, = -0.01. The curves
1, 2 and 3 are for T./T; = 1.0, and B; = 0.0, 0.1, and 0.2, respectively. The curve 4 is
for i = 0.2 and T./T; = 0.2. The values for the magnetic field gradient used here and
in Figure 6 are obtained from the relation kg = —~8;(1 + T./T;)x, /2.

Figure 8. Variation of normalized growth rate, 7/w.;, (upper panel) and normalized real
frequency, w/wei, (lower panel) versus normalized wavenumber number a = k, Vj;/w.; for
the coupled lower hybrid drift and current convective instability for the case of hot plasma.
with wp. fwe, = 10.0, V=0, and &,/k, = 0.1. The curves 1, 2, and 3 are for 3; = 0.0,
k:/k, = -0.1 and § = 194 = 0.0, 0.05, and 0.1, respectively. The curv 4 is for 3; =
0.0, § = 0.1, and k,/k, = 0.1. The curves 4 and 5 are for S = 0.1, k,/k, = -0.1 and 3;
= 0.05 and 0.2, respectively.
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